Several protein kinases are known to phosphorylate Ser/Thr residues of certain GABA A receptor subunits. Yet, the effect of phosphorylation on GABA A receptor function in neurons remains controversial, and the functional consequences of phosphorylating synaptic GABA A receptors of adult CNS neurons are poorly understood. We used whole-cell patch-clamp recordings of GABA A receptor-mediated miniature IPSCs (mIPSCs) in CA1 pyramidal neurons and dentate gyrus granule cells (GCs) of adult rat hippocampal slices to determine the effects of cAMP-dependent protein kinase (PKA) and Ca 2ϩ /phospholipiddependent protein kinase (PKC) activation on the function of synaptic GABA A receptors. The mIPSCs recorded in CA1 pyramidal cells and in GCs were differentially affected by PKA and PKC. In pyramidal cells, PKA reduced mIPSC amplitudes and enhanced the fraction of events decaying with a double exponential, whereas PKC was without effect. In contrast, in GCs PKA was ineffective, but PKC increased the peak amplitude of mIPSCs and also favored double exponential decays. Intracellular perfusion of the phosphatase inhibitor microcystin revealed that synaptic GABA A receptors of pyramidal cells, but not those of GCs, are continually phosphorylated by PKA and conversely, dephosphorylated, most likely by phosphatase 1 or 2A. This differential, brain region-specific phosphorylation of GABA A receptors may produce a wide dynamic range of inhibitory synaptic strength in these two regions of the hippocampal formation.
Several protein kinases are known to phosphorylate Ser/Thr residues of certain GABA A receptor subunits. Yet, the effect of phosphorylation on GABA A receptor function in neurons remains controversial, and the functional consequences of phosphorylating synaptic GABA A receptors of adult CNS neurons are poorly understood. We used whole-cell patch-clamp recordings of GABA A receptor-mediated miniature IPSCs (mIPSCs) in CA1 pyramidal neurons and dentate gyrus granule cells (GCs) of adult rat hippocampal slices to determine the effects of cAMP-dependent protein kinase (PKA) and Ca 2ϩ /phospholipiddependent protein kinase (PKC) activation on the function of synaptic GABA A receptors. The mIPSCs recorded in CA1 pyramidal cells and in GCs were differentially affected by PKA and PKC. In pyramidal cells, PKA reduced mIPSC amplitudes and enhanced the fraction of events decaying with a double exponential, whereas PKC was without effect. In contrast, in GCs PKA was ineffective, but PKC increased the peak amplitude of mIPSCs and also favored double exponential decays. Intracellular perfusion of the phosphatase inhibitor microcystin revealed that synaptic GABA A receptors of pyramidal cells, but not those of GCs, are continually phosphorylated by PKA and conversely, dephosphorylated, most likely by phosphatase 1 or 2A. This differential, brain region-specific phosphorylation of GABA A receptors may produce a wide dynamic range of inhibitory synaptic strength in these two regions of the hippocampal formation.
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Phosphorylation of ligand-gated ion channels is an important short-and long-term regulatory mechanism of channel function in the C NS (Levitan, 1994; Sigel, 1995; Moss and Smart, 1996) . In the process of long-term potentiation (LTP) of synaptic transmission, experimental evidence strongly supports a critical role of protein kinases (for review, see Raymond et al., 1993; Soderling, 1995; McEachern and Shaw, 1996; Barria et al., 1997) . A recent study (Barria et al., 1997) has directly demonstrated the phosphorylation of AM PA-type glutamate receptors (GluRs) by type II Ca 2ϩ /calmodulin kinase after LTP. In contrast to the familiar plasticity of excitatory amino acid receptors through phosphorylation, fewer studies implicate this process in altering the efficacy of GABAergic synaptic transmission. In Purkinje cells, repetitive stimulation of climbing fibers induces a rebound potentiation of GABA A receptor (GABAR) function (Kano et al., 1996) . This potentiation has been attributed to elevated postsynaptic C a 2ϩ levels over 10 -30 min, possibly leading to protein phosphorylation. Various cells when deprived of intracellular ATP by omitting it from the patch pipette commonly respond by downregulating GABAR f unction (Raymond et al., 1993; Sieghart, 1995; Moss and Smart, 1996) . Most studies examined whole-cell currents evoked by GABA in expression systems, but a rundown of GABAR-mediated synaptic currents has been noted in central neurons (Lewis and Faber, 1996) .
Biochemical approaches demonstrated that some native and many recombinantly expressed GABARs can be phosphorylated directly and consequently can be functionally modulated by cAMP-dependent kinase (PKA) (Heuschneider and Schwartz, 1989; Tehrani et al., 1989; Browning et al., 1990; Porter et al., 1990; Leidenheimer et al., 1991; Moss et al., 1992a,b; Angelotti et al., 1993; Browning et al., 1993) , Ca 2ϩ /phospholipid-dependent protein kinase (PKC) (Sigel and Baur, 1988; Browning et al., 1990 Browning et al., , 1993 Sigel et al., 1991; Leidenheimer et al., 1992; Krishek et al., 1994; Lin et al., 1994; Chang et al., 1996; Weiner et al., 1997) , type II Ca 2ϩ /calmodulin-dependent protein kinase (Machu et al., 1993; Moss, 1994, 1997) , or protein tyrosine kinase (Moss et al., 1995; Wan et al., 1997) . In general, phosphorylation of Ser/Thr residues on GABAR subunits by PKC and PKA is believed to decrease GABAR function (Sigel, 1995; Moss and Smart, 1996) , although some reports show an increase in GABA A receptor-mediated whole-cell currents by PKC (Lin et al., 1994) and PKA (Cheun and Yeh, 1992; Angelotti et al., 1993; Cheun and Yeh, 1996) . Tyrosine phosphorylation seems to be involved in either potentiating or maintaining GABAR-mediated inhibition (Moss et al., 1995; Wan et al., 1997; Huang and Dillon, 1998) .
Unfortunately, the precise subunit composition of synaptic GABARs as well as the local enzymatic machinery are not known. Therefore, no accurate predictions can be made about the effect of phosphorylation on the modulation of GABARmediated synaptic transmission. With the exception of a recent study showing altered I PSC s in cultured neurons after inhibition of the C a 2ϩ /C aM-dependent phosphatase calcineurin (Jones and Westbrook, 1997) , there is no compelling evidence demonstrating the impact of phosphorylation on synaptic GABAR f unction.
We have investigated the postsynaptic effects of PKA and PKC in CA1 pyramidal cells and granule cells (GCs) of adult hippocampal slices using intracellular delivery of nonpermeant peptides and catalytic kinases. By recording mIPSCs in fully developed central neurons, we could focus on the modulation of synaptic GABAR function by PKA-and PKC-dependent phosphorylation.
MATERIALS AND METHODS
Slice preparation and solutions. Coronal slices were prepared from Wistar rats (350 -400 gm) as described previously (Staley et al., 1992; Poisbeau et al., 1997) . Briefly, after pentobarbital anesthesia (75 mg / kg, i.p.), animals were decapitated, and the brain was quickly removed and immersed for 1-2 min in cold (6 -9°C) artificial C SF (AC SF) containing (in mM): 126 NaC l, 2.5 KC l, 2 C aC l 2 , 2 MgC l 2 , 1.25 NaH 2 PO 4 , 10 D-glucose, 26 NaHC O 3 , 2 kynurenic acid (Fluka) continuously bubbled with 95% O 2 /5% C O 2 , pH 7.35 Ϯ 0.05. The brain was glued at its frontal surface to a brass platform, and coronal brain slices (450 m thick) were prepared with a Vibratome (Lancer Series 1000). The slices were then hemisected and stored submerged in 2 mM kynurenic acid containing AC SF at 32°C until they were individually transferred to the recording chamber. Recordings were performed at 34 -35°C with slices immobilized with a piece of lens paper and two small platinum weights. During each recording, 1 M tetrodotoxin (C albiochem) was added to the AC SF in the continued presence of the nonspecific glutamate receptor antagonist kynurenic acid (2 mM).
With the exception of Rp-8-C P T-cAM PS, the compounds used to alter cellular phosphorylation events were membrane-impermeant peptides. PKC and PK A were isolated and purified from bovine brain as described previously (Browning et al., 1990) . Only constitutively active catalytic subunits of these kinases were used. The catalytic subunit of PK A was purified from bovine heart as described previously (Browning et al., 1990) . The catalytic fragment of PKC was prepared from bovine brain PKC as described previously (Wang et al., 1994) . PK A-I (H 2 N-TYADFIASGRTGRRNAI-amide) was a generous gift of Dr. John Haycock. PK A, PKC, inactivated PKC, PK A inhibitor, and microcystin have been diluted 50 -1000 times when incorporated into the intracellular solution. Microcystin-LR (C albiochem, La Jolla, CA) and Rp-8-C P TcAM PS were first prepared as 1000-fold concentrated stock solutions in DMSO. PK A (0.3 mg /ml) and the PK A inhibitory peptide (PK A-I; 0.33 mM) were initially prepared in the following buffer solution (in mM): 100 NaC l, 20 M ES, pH 6.5, 30 ␤-mercaptoethanol, 0.1 EDTA, and 50% ethylene glycol solution; PKC (0.3 mg /ml) was prepared in a solution consisting of the following (in mM): 2 TEA, 5 EGTA, 6 MgC l 2 , 140 KC l, 1 CaCl 2 , adjusted to pH 7.5 with KOH. An equivalent dilution of the buffer alone, when perf used into the cytoplasm of GC or CA1 neurons, did not produce any changes of GABA A mI PSC s.
W hole-cell recordings and data collection. Whole-cell voltage-clamp recordings were obtained using borosilicate glass capillaries with an inner filament (KG-33, 1.12 mm inner diameter, 1.5 mm outer diameter; Garner Glass) pulled to tip diameters of ϳ1.5 m in two stages using a vertical puller (Narishige PP-83). Intrapipette solutions contained the following (in mM): 130 C sC l, 2 MgC l 2 , 10 H EPES, 0.8 C sOH, 2 MgATP (pH was adjusted with C sOH; total osmolarity 255-285 mOsm). Recordings were obtained by lowering patch electrodes into the CA1 and /or dentate granule cell layer while monitoring current responses to 5 mV voltage pulses and applying suction to form ϾG⍀ seals. An Axopatch-200A amplifier (Axon Instruments) was used, and series resistance (R s ) was compensated by 70 -90% (lag value, 7-10 sec). The value of R s was monitored throughout each experiment, and only recordings with R s Ͻ 15 M⍀ lasting Ͼ20 min were considered acceptable for analysis. Recorded membrane currents were filtered (DC to 10 kHz, Bessel filter of the amplifier), digitized in a pulse-code-modulated form (88 kHz; Neurocorder, Neurodata), and stored on videotape. Off-line, recordings were filtered (DC to 3 kHz; Ϫ3 dB, eight-pole Bessel filter; Frequency Devices 9002) and sampled at 20 kHz on an Intel -Pentium-based computer. Data were acquired and analyzed using the Strathclyde Electrophysiology software (courtesy of Dr. J. Dempster, U. of Strathclyde, Glasgow, UK) and our own software designed by Y. De Koninck and I. Mody.
Event detection and selection. Detection of individual mI PSC s was performed using a software trigger described previously in detail . More than 95% of events that satisfied the trigger criteria were detected, even during compound mI P-SC s. For each experiment, all detected events were examined, and any spurious noise that triggered the detector was rejected.
Statistical anal yses and curve fitting. The mean values of the median conductances, decay time constants, and frequencies of mI PSC occurrence were compared between groups using ANOVA. Decay time constants of mI PSC s were fitted using a simplex-based nonlinear least square method; goodness of fit was evaluated on the basis of fitting subsets of points drawn from the whole set of data points, from evaluation of the reduced 2 values, and from the change in the F values calculated by dividing the percentage reduction in the sum of squares by the percentage change in the number of degrees of freedom used for fitting Williams et al., 1998) . The conductance of mIPSCs is represented graphically in cumulative probability plots drawn on a probability scale ordinate. All numerical data are expressed as mean Ϯ SD.
Simulation of mIPSCs. Simulations of mI PSC s were performed using the SCoP software (Simulation Resources, Berrien Springs, M I) according to a model based on that published by Jones and Westbrook (1995) . For monoexponentially decaying mI PSC s, the model included two equal and independent GABA-binding steps, and a double-liganded open state. The maximum open probability at the peak of I PSC s (P M AX ) was taken to be 0.8 -0.85 (Auger and Marty, 1997) , a value similar to that derived by nonstationary noise analysis at hippocampal inhibitory synapses (De Koninck and Mody, 1994) . The reported parameters represent the values producing the best fits to the experimental data.
RESULTS

Characteristics of GABAR-mediated mIPSCs in CA1 pyramidal cells and GCs
GABAR-mediated mIPSCs were recorded from CA1 neurons and GCs with CsCl-containing electrodes (E C l ϭ 0 mV) at holding potentials around Ϫ60 mV in the presence of kynurenic acid (2 mM) and tetrodotoxin (1 M).
Under these recording conditions, mIPSCs of CA1 neurons had fast rise times (10 -90% rise time Ͻ0.8 msec) and predominantly monoexponential decays (Table 1 , Fig. 1 ). However, a subpopulation of mIPSCs (ϳ6%) was better fit by a biexponential decay function (Table 1 ). This fraction of biexponentially decaying mIPSCs was not significantly changed in CA1 neurons in recordings with CsMeSO 4 -containing electrodes (E C l Х Ϫ55 mV) at a holding potential around 0 mV (n ϭ 8; data not shown). The fast component (fast decay time constant, BI EX P FAST ) accounted for 40% of the mIPSC amplitude. At negative holding potentials (Ϫ60 mV), mIPSC amplitudes ranged between 10 and 150 pA, with a mean conductance (mIPSG) of 0.79 Ϯ 0.08 nS (n ϭ 19). Because the mIPSG histograms were skewed [data not shown, but see Otis and Mody (1992) ], we used the median values of the distributions obtained from the cumulative probability graphs (Table 1) . No correlations were found between the 10 -90% rise times, decay time constants (monoexponential, biexponential fast or slow), and mIPSC amplitudes. Biexponentially and monoexponentially decaying mIPSCs had similar median amplitudes and total areas. The frequency of GABAR-mediated mIPSCs was ϳ20 Hz (Table 1) . GABAR-mediated mIPSCs recorded from GCs displayed similar kinetics (Table 2, Fig. 2 ) but occurred with a significantly lower frequency (ϳ10 Hz) ( Table 2) .
Intracellular PKA reduces the amplitude of mIPSCs in CA1 neurons
We first compared mIPSC properties between CA1 neurons recorded with different intracellular solutions: mIPSCs recorded in cells with control solutions were compared with events recorded when the patch pipette was filled with similar solutions also containing constitutively active PKA or PKC. Intracellular PKA (0.6 or 6 gm/ml) in CA1 neurons produced a dose-dependent decrease of mI PSC conductance (Ϫ19.8 and Ϫ39.6%, respectively) ( Table 1 Table 1) .
The properties of mI PSC s in CA1 neurons were unaltered by inclusion of PKC (0.6 or 6 gm/ml) in the patch pipette (Table 1 , Fig. 1 ). This did not stem from the ineffectiveness of the perfused PKC, because we regularly observed a progressive reduction of the holding current during the first 5 min of recordings with PKC in the electrode (data not shown; n ϭ 8). This was never seen in control recordings or during perf usion with inactive PKC (n ϭ 4). The change in the holding current most likely results from the effect of PKC on the hyperpolarization-activated C l Ϫ current through C lC2 channels known to be present in CA1 pyramidal cells (Smith et al., 1995) . This was f urther corroborated by our finding that in recordings with C sMeSO 4 in the pipette (n ϭ 7; E C l Х Ϫ56 mV), at positive holding potentials (ϩ20 mV) where there should be no C lC2 current (Smith et al., 1995) , PKC did not alter the holding current and had no effect on mI PSC s.
Intracellular PKC increases the amplitude of mIPSCs in dentate gyrus granule cells
Using the same protocol as for CA1 pyramidal cells, we compared the effects of intracellular PK A and PKC on mI PSC s recorded in GCs. PKC (0.6 or 6 gm/ml) increased mI PSG by 13.6% without affecting mI PSC frequency, 10 -90% rise time, or decay time constants (Table 2, Fig. 2 ). As shown in Figure 2 B, the increase of mIPSC amplitude only occurred in a subset (60 -80%) of the total population of mI PSC s with a conductance Ͼ0.5 nS (Fig. 2 B,  left panel ) . We also observed a fourfold increase in the proportion of biexponentially decaying mI PSC s (Table 2 , Fig. 2C ). In GCs perf used with heat-inactivated PKC (n ϭ 4), mI PSCs had characteristics similar to those found in control neurons. PKA (6 gm/ml) failed to have any effect on the mI PSC recorded in GCs (Table 2, Fig. 2) .
Simulations of the effects of phosphorylation on GABAR-mediated mIPSCs
GABAR-mediated mI PSC s were simulated according to a sevenstate model (Macdonald and Olsen, 1994; Jones and Westbrook, 1995) . We found the simplest model to accurately describe the experimentally observed mainly monoexponentially decaying mIPSCs to be a subset of four states of the original model (Fig.  3) . The inclusion of an additional open state was sufficient to describe the biexponentially decaying mIPSCs. Additional desensitized states (Jones and Westbrook, 1995) did not substantially improve the fit of our simulations to the experimental data. We next compared the fitted parameters for simulated CA1 mIPSCs during PKA dialysis and control conditions. Although the fits are by no means unique, certain trends in the values of the rate constants (see Table in (Porter et al., 1990) . Our model shows at least a qualitative agreement with the increase in mean closed time (1/␤2; Table in Fig. 3 ) and a decrease in maximum open probability at peak (from 0.85 to 0.50). The accurate simulation of the PKA effect also required the GABA binding rate to be altered. This may be warranted in light of the possible effect of phosphorylation on GABA potency, corresponding to a change in binding and unbinding rates (Porter et al., 1990) .
Continuous regulation of synaptic GABAR function by phosphorylation/dephosphorylation in CA1 neurons
Intracellular perfusion of protein kinases and their constitutively active derivatives is useful to establish whether phosphorylation by the given kinase has any effect on cellular functions. However, a positive finding with a kinase does not necessarily prove the involvement of the given kinase in the physiological regulation of channel function. A positive effect of a phosphatase inhibitor is a more convincing and unequivocal evidence for the physiological involvement of the phosphorylation/dephosphorylation process. If inhibition of the phosphatase significantly affects receptor function, the most plausible conclusion is that under basal conditions a kinase must mediate the phosphorylation of at least one of the proteins involved. To determine this possibility in the phosphorylation-dependent regulation of synaptic GABARs, we next examined the effects of microcystin (20 M), an inhibitor of protein phosphatases 1 and 2A (PP 1/2A ). In CA1 pyramidal cells, inclusion of microcystin in the patch pipette gradually reduced mIPSC median conductance (Ϫ33.1%) in a manner analogous to Low PKA (0.6 g/ml)
High PKA (6 g/ml) PKC (0.6 -6 g/ml)
Microcystin ( 
The table depicts mI PSC conductance, frequency, 10 -90% rise time, monoexponential decay time constant ( MONOEX P ), biexponential fast ( BI EX P FAST ) and slow ( BI EX P SL OW) decay time constants, and the fraction of biexponentially decaying mIPSCs from the total number of mIPSCs (BIEXPONEN TIAL/TOTAL). Values in bold (also marked with †) are significantly different from the control (ANOVA, p Ͻ 0.05). Significant decreases in mIPSC conductances were found in the presence of PK A (0.6 -6 g/ml) and /or microcystin (20 M). The inhibition of mIPSCs was always correlated with an increase in the fraction of biexponentially decaying currents. Boiled PKA, PKC, or PK A-I parameters were similar to the control. The microcystin-associated reduction of mIPSC conductance was prevented by coapplication of PKA-I.
that seen with PK A perf usion (Table 1 , Fig. 4 A) . A 3.6-fold increase in the fraction of biexponentially decaying mI PSCs was also observed (Table 1) . No other changes in CA1 pyramidal cell mIPSC parameters or their frequency were observed when microcystin was present in the intracellular solution (Table 1 ). In GC s, microcystin (20 M) did not change the mI PSG (Table  2 , Fig. 4 B) but caused a 1.8-fold increase in the fraction of biexponentially decaying mI PSC s ( Table 2) . As in CA1 neurons, mIPSC 10 -90% rise times and frequency of occurrence were unaffected by microcystin ( Table 2 ).
The time course of PKC, PKA, and microcystin effects on mIPSCs Figure 4C displays the time-dependent changes in mIPSG recorded in CA1 pyramidal cells and GC s in the presence of control intracellular solutions, PKC, PK A, or microcystin. In control whole-cell recordings, the median mI PSG remained stable, but in CA1 neurons, PK A (6 gm/ml) and microcystin (20 M) decreased mI PSG during whole-cell recordings in a time-dependent manner, whereas in GCs only PKC (6 gm/ml) had a gradual, time-dependent effect on mIPSG. As indicated in the figure, significant effects were seen after 6 -7 min and after 9 -10 min of whole-cell recordings in the presence of PKA in CA1 cells and PKC in the GCs, respectively Endogenous PKA is responsible for the microcystininduced reduction of mIPSC amplitudes in CA1 pyramidal cells
To ascertain whether PKA was the endogenous protein kinase involved in the regulation of mIPSCs in CA1 pyramidal cells, we suppressed endogenous phosphatase activity by microcystin and simultaneously reduced the activity of protein kinase A. Specific inhibitors of PKA (PKA-I, 0.66 M included in the patch electrode; and Rp-8CPT-cAMP-S, 100 M perfused extracellularly) were applied with or without intracellular microcystin (20 M). According to an in vitro biochemical assay, the intrapipette concentration of PKA-I was sufficient to inhibit 15 gm/ml of PKA (M. D. Browning, unpublished observations). The microcystin- Figure 1 . Effects of protein kinase A (PK A) and protein kinase C (PKC) on mI PSC s recorded in CA1 pyramidal cells. A, Representative recordings (2.5 sec in total) depicting mI PSCs recorded with control intracellular solutions (left) and with 6 gm/ml PKC (middle) or 6 gm/ml PK A (right) in the patch pipette. Note the reduced mIPSCs amplitudes in the presence of PKA. B, The lef t panel shows cumulative probability distributions of mI PSC peak conductances under the three different experimental conditions. Compared with control (thin line; n ϭ 393 mIPSCs), PKA (thick line; n ϭ 525 mI PSCs) shifted the conductance distribution to the left in a roughly parallel manner, indicating a reduction in mI PSC s amplitude. PKC (thick line; n ϭ 278 mI PSCs) had no significant effect compared with control. Right panel represents log-binned (10 bins/decade) interevent intervals plotted on a square root ordinate. The mean frequency in control (circles; n ϭ 393 mI PSC s) was 22.4 Hz, compared with 22.2 Hz with intracellular PKA (triangles; n ϭ 525 mI PSC s) and 25.9 Hz with intracellular PKC (diamonds; n ϭ 278 mI PSC s). Fitted lines are fitted exponential probability density functions illustrating the random occurrence of mI PSC s. C, Representative examples of monoexponentially and biexponentially decaying mI PSC s. Each trace represents an average of 25 mIPSCs. The decay time constants were unaltered after dialysis of PKC. However, intracellular perf usion of PK A produced a significant increase in the fraction of biexponentially decaying mIPSCs (20.6 Ϯ 4.8%) compared with control (5.9 Ϯ 0.5%) or PKC (5.8 Ϯ 1.8%). associated reduction in mI PSG was completely antagonized by inclusion of PK A-I in the electrode or by perf usion of Rp-8-CPTcAMP-S (Table 1, Fig. 5 ). Although Rp-8-C P T-cAM P-S is cellpermeant, it produced no apparent presynaptic changes as seen by the constant frequency of mI PSC s. In all of these experiments the mI PSC kinetics remained comparable to those observed in control recordings or in cells with boiled PK A in the electrode (Table 1) . It is interesting to note that inclusion of active PKA together with the phosphatase inhibitor produced no additive effects on mI PSC s (Fig. 5) . This may mean that the rate of dephosphorylation is most likely the rate-limiting step in the control of synaptic GABAR f unction.
DISCUSSION
We have studied the regulation of GABAR-mediated mIPSCs by protein kinases and phosphatases. Our results are consistent with the involvement of PK A and PKC in the regulation of synaptic GABAR f unction in CA1 pyramidal cells and GC s, respectively. There were remarkable differences, however, between the phosphorylation-dependent modulation of mI PSC s in the two cell types. Activation of PK A alters synaptic GABAR function only in CA1 pyramidal cells, whereas PKC changes mIPSCs recorded in GC s. Moreover, PK A decreased mI PSC amplitudes in CA1 pyramidal cells, whereas PKC increased mI PSC amplitudes in GC s. The 10 -90% rise and decay time constants of mIPSC s in both CA1 and GC s were unaffected by intracellular kinase administration. Both kinases produced an increase in the fraction of biexponentially decaying mI PSC s. The results with intracellular microcystin, a PP 1/2A inhibitor, are consistent with endogenous PK A being steadily active in CA1 neurons but not in GCs. Thus, the net balance between phosphorylation and dephosphorylation will critically alter the strength of GABA A synapses.
Specificity of the phosphorylation effect to synaptic GABARs
In acute or cultured hippocampal slices, membrane-permeable activators of PKC and PK A dramatically increase the frequency of mIPSC s recorded in CA1 and CA3 pyramidal cells (Pitler and Alger, 1994; Aniksztejn et al., 1995; C apogna et al., 1995) , without altering mI PSC amplitudes. However, any possible postsynaptic effect of the membrane-permeable compounds might have been obscured by the powerf ul presynaptic action. In our studies, the direct intracellular administration of membrane-impermeable compounds such as microcystin or constitutively active PKC and PKA was designed to eliminate interference with presynaptic mechanisms, thus allowing us to strictly monitor the postsynaptic regulation of synaptic GABARs. Some of our findings, such as the lack of PKC effect on GABAR-mediated mIPSC amplitude in CA1, are in agreement with previous studies reporting purely presynaptic effects of extracellularly applied PKC activators (Pitler and Alger, 1994) . Nevertheless, it is possible that the lack of effect of PKC in the CA1 region could be caused by our failure to apply the correct PKC isotype. We consider this possibility unlikely because our PKC preparation contains three isoforms (␣, ␤, and ␥), and the various isoforms do not appear to have unique substrates, only some differences in the kinetics of phosphorylation (Kazanietz et al., 1993) .
Despite the purely postsynaptic route of administration of active compounds, we have observed effects on mIPSC frequency that might be interpreted as being of presynaptic origin. For example, when the PP 1/2A inhibitor microcystin was coadministered with PKA-I, there was a significant 50% increase in the frequency of mIPSCs without any significant change in their amplitudes. If this effect is indeed presynaptic, one possibility is that the simultaneous inhibition of PKA and of PP 1/2A may have released a transsynaptic messenger that leads to an enhanced GABA release or to a reduced tonic inhibitory effect on the presynaptic terminals. A transsynaptic modulation of GABA release is believed to occur through release of glutamate onto presynaptic metabotropic glutamate receptors (Glitsch et al., 1996) , most likely belonging to group I (Morishita et al., 1998) . Alternatively, the observed increase in mIPSC frequency may be entirely of postsynaptic origin. If one assumes that GABA A synapses can be kept "silent" (Poisbeau et al., 1997) , the simultaneous inhibition of PKA and PP 1/2 may produce a conversion of silent synapses into active ones. Then, if the unitary events generated at these synapses are similar to mIPSCs recorded under control conditions, the "uncovered" events would be indistinguishable from controls and would simply add to existing mIPSCs producing the increase in frequency. At present, there are no data to support either possibility.
The GABAR subunit as a possible target of phosphorylation
With the exception of their frequency of occurrence, there are remarkable similarities between mIPSCs recorded in CA1 pyramidal cells and GCs. It is therefore puzzling to find such different actions of PKA and PKC on the function of synaptic GABARs. 5.9 Ϯ 1.6 6.2 Ϯ 1.2 22.9 ؎ 6.8 † 6.0 Ϯ 3.9 † 15.2 ؎ 8.3 † n ϭ 11 n ϭ 4 n ϭ 11 n ϭ 7 n ϭ 8
The table shows the mI PSC conductance, frequency, 10 -90% rise time, monoexponential decay time constant ( MONOEX P ), biexponential fast ( BI EX P FAST ) and slow ( BI EX P SL OW) decay time constants, and the fraction of biexponentially decaying mIPSCs from the total number of mIPSCs (BIEXPONEN TIAL/TOTAL). Values in bold (also marked by †) are significantly different from the control (ANOVA, p Ͻ 0.05). Significant increases in mIPSC conductances were found in the presence of PKC (0.6 -6 g/ml). E xcept for an increase in the fraction of bi-exponentially decaying current in the presence of microcystin, no changes were noted in any of the other treatments.
If a direct phosphorylation of GABAR subunits is involved in the effects seen in our study, a different subunit composition of the receptors in the two regions might explain the observed differences in their phosphorylation-dependent regulation. Albeit minor, there are some divergences in the molecular identities of GABARs present in the two cell types. For example, GCs express ␦ and ␣4 subunits, whereas ␣5 subunits are mostly found in CA1 pyramidal cells. Most other subunits are shared by the two populations. Accordingly, the presence of specific subunits in synaptic GABAR aggregates may be responsible for the region specificity as well as for the direction of the alterations induced by phosphorylation. In this context, however, it is interesting to note that to date there are no reports about differential effects of phosphorylation on ␣4 and ␣5 subunits, and possible effects of phosphorylating ␦ subunits may be discounted, because at least in the cerebellum, ␦ subunit-containing receptors are found exclusively extrasynaptically Nusser et al., 1998) . Our experiments do not allow us to reach conclusions about a direct phosphorylation of GABARs by PKA or PKC. However, the simplest explanation supported by strong experimental evidence is that specific GABAR subunits can be phosphorylated and that this phosphorylation modifies GABAR function (Levitan, 1994; Macdonald and Olsen, 1994; Sieghart, 1995; Sigel, 1995; Moss and Smart, 1996) . It appears that ␤ subunits are the best substrates for PKA-and PKC-dependent phosphorylation, but unequivocal conclusions are complicated by the fact that ␤ subunits are not the sole potential targets for phosphorylation (Macdonald and Olsen, 1994) . Mutagenesis of Ser409 of the ␤1 subunit eliminates PKA-induced regulation of GABAR function (Moss et al., 1992a,b) . A recent report (McDonald et al., 1998) has further characterized the differential effects of PKA-dependent phosphorylation of ␤ subunit-containing recombinant GABARs. It appears that ␤2 subunit-containing receptors, which should be the most predominant ␤ subunits in hippocampal neurons (McKernan and Whiting, 1996) , are not affected by PK A-dependent phosphorylation. The phosphorylation of ␤1 subunits reduces the current flow through recombinant GABARs, whereas the same process on ␤3 subunit-containing receptors produces the opposite effect. If the effect of PK A on mI PSC s stems indeed from phosphorylation of ␤ subunits, the ␤ subunit selectivity of the PKA-dependent phosphorylation may indicate that GABARs at synapses of CA1 pyramidal cells preferentially contain ␤1 subunits, whereas those at inhibitory synapses on GC s contain mainly ␤2 subunits. As mentioned above, our findings do not necessarily demonstrate a direct phosphorylation of a given GABAR subunit. Indeed, phosphorylation of a GABAR-associated protein that controls its f unction may be responsible for the regional differences observed in our study. Such proteins have yet to be conclusively demonstrated at GABA A synapses, but there is ample evidence from glutamate synapses that such proteins can be closely associated with synaptic receptors (Kennedy, 1997; Sheng and Wyszynski, 1997) . Regardless of the exact mechanism for the disparate regulation of synaptic GABARs in CA1 pyramidal cells and GC s, there is a noteworthy similarity between our present findings and the differential effect of withdrawal from chronic benzodiazepine treatment in these two types of neuron (Poisbeau et al., 1997) . The mI PSC s of GC s are insensitive to in vivo benzodiazepine withdrawal, whereas the size of mIPSCs recorded in CA1 pyramidal neurons significantly decreases during the withdrawal period. Whether there is a relationship between the sensitivity of synaptic GABARs to PKA-dependent phosphorylation reported in the present study and the effects of long-term benzodiazepine treatment on these receptors remain to be determined.
Continuous PKA-dependent phosphorylation in CA1 pyramidal cells
We have shown a continuous cycle of a PKA-dependent phosphorylation and a PP 1/2A -dependent dephosphorylation to affect the function of synaptic GABARs in CA1 pyramidal cells. It is tempting to speculate that the small fraction of mIPSCs with a double exponential decay might be the result of such continuous phosphorylation. However, the proportion of such events was unaffected by inhibition of PKA. Such a basal phosphorylation/ dephosphorylation cycle does not seem to alter the function of GABARs at synapses in GCs, although activation of the PKC pathway could induce an increase in mIPSC amplitude. In CA1 pyramidal cells, promoting phosphorylation will inhibit synaptic GABARs, whereas tipping the balance in favor of dephosphorylation will enhance inhibitory events. Thus, dephosphorylation of the GABARs, or of closely associated proteins, by PP 1/2A can play a crucial role in regulating inhibitory strength in CA1 pyramidal cells. In addition, calcium-dependent phosphatases and kinases may also alter currents evoked by GABA in CA1 neurons (Stelzer et al., 1988; Chen et al., 1990; Wang et al., 1995) .
How does phosphorylation affect the function of synaptic GABARs?
The precise mechanisms whereby phosphorylation of ligandgated channels alters channel f unction are not well understood. There might be effects on receptor desensitization, the opening probability of the channels, the interaction between ligand and receptor, or the predominant conductance state to which the channels open. One of the most detailed studies to date on this topic has demonstrated a PK A-induced increase in the probability of channel opening at the peak of currents through homomeric GluR6 channels (Traynelis and Wahl, 1997) . The probability of channel opening was intermediate (0.65) under control conditions, but could be increased to 0.85-0.94 when the channels were phosphorylated or reduced to 0.5 when dephosphorylated by the Ca 2ϩ /calmodulin-dependent protein phosphatase calcineurin.
Thus, a wide dynamic range may exist for the regulation of the number of channels open at the peak of synaptic responses. In contrast to homomeric GluR6 channels expressed in HEK293 cells, the function of GABARs at CA1 pyramidal cell inhibitory synapses was downregulated by PKA activation. It is tempting to speculate that in these neurons a continuous phosphorylated state may keep synaptic GABARs consistently below their f ull inhibitory potential. This might be akin to the operation of air brakes, where the compressoractively spends energy to keep the brake pads away from the disks to ensure stopping in the event of a system failure. In the case of GABARs, the steady phosphorylation by PKA may keep the function of the receptors sufficiently low, so that in the event of a cellular metabolic challenge and falling ATP levels, GABAergic inhibition could escape from the suppressing effect of phosphorylation to provide more inhibition for the neuron.
It is interesting to note that regardless of an enhancement, as Figure 4 . A, B, Effect of microcystin on mI PSC s recorded from dentate gyrus GCs and CA1 pyramidal cells. Lef t panels show five consecutive raw traces (500 msec each, i.e., 2.5 sec in total) from a CA1 pyramidal cell ( A) and a dentate gyrus GC ( B). The middle panels show recordings from cells with 20 M microcystin inside the patch pipette. Note the diminished amplitudes of mI PSC s in the CA1 pyramidal cell, but not in the GC, in the presence of microcystin. The graphs on the right show cumulative probability distributions of mIPSC peak conductances in the control recordings (thin lines) and in recordings with microcystin (20 M) in the electrode (thick lines). In CA1 pyramidal cells ( A), mI PSC s conductances (n ϭ 654 events) were smaller in the presence of microcystin when compared with those recorded in a cell under control conditions (n ϭ 393 events), indicating a reduction of mI PSC amplitudes. In the two GC s ( B), there was no significant difference between mI PSC conductances in control recordings (n ϭ 324 events) and those with 20 M microcystin included in the pipette (n ϭ 262 events). C, Time course of PKC, PKA, and microcystin effects in CA1 pyramidal cells and GC s. In CA1 pyramidal cells, the gradual diff usion of PK A ( gray circles) and microcystin (black circles) into the cells through the patch electrode caused a significant ( p Ͻ 0.05; t test) decrease in mI PSC conductance that reached steady state after 6 -7 min of whole-cell recordings. No time-dependent changes were noted with PKC included in the patch pipette. In contrast, in GC s, PKC but not PK A significantly ( p Ͻ 0.05; t test) potentiated mI PSCs 9 -10 min after the start of the whole-cell recordings. Each point represents the mean conductance (ϮSD) of Ͼ1000 events pooled from n ϭ 3-5 cells at each of the indicated time periods.
with PKC in the GC s, or a suppression of mI PSC s, as with PKA in CA1 pyramidal cells, the augmented phosphorylation caused an enhanced incidence of biexponentially decaying mIPSCs. In our model, this effect does not need to involve receptor desensitization, but according to a recent study (Jones and Westbrook, 1997) , promoting phosphorylation in cultured neurons by inhibiting calcineurin leads to an increased GABA unbinding rate and an enhanced desensitization of fast GABA currents and IPSCs. The kinase responsible for the phosphorylation was not identified in this study, and in contrast to our results, inhibition of PP 1/2 was without effect on synaptic and evoked GABA currents. Yet, an aspect of our results is clearly consistent with the findings in cultured neurons: a continuous cycle of phosphorylation/dephosphorylation appears to control the f unction of GABARs.
In conclusion, we have demonstrated that the f unction of synaptic GABARs in hippocampal CA1 pyramidal cells is under the control of a basal phosphorylation by PK A and that mIPSCs in GC s can be augmented via phosphorylation by PKC. Accordingly, in CA1 pyramidal cells, inhibitory strength will critically depend on the relative intensities of phosphorylation and dephosphorylation. When dephosphorylation outweighs phosphorylation, as may happen during metabolic impairment, this mechanism will ensure a decreased excitability through enhanced GABAR-mediated inhibition.
